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ABSTRACT 

An investigation was conducted to determine the performance of 
zero-secondary flow ejector-diffuser systems using annular driving 
nozzles. Eight annular nozzles with various geometries, including 
one expansion-deflection (E-D) nozzle were tested in cylindrical dif­
fusers having various diffuser lengths. The ejector starting and 
pumping characteristics were compared and found similar to the 
empirical relations developed for ejectors having conventional 
convergent-divergent nozzles. The unique problems associated 
with simulated altitude testing of the E-D nozzle and the effects of 
ejector-diffuser design an E-D nozzle performance are discussed. 
A method is described for determining the ejector pumping char­
acteristics when the ejector is unstarted to satisfy the annular noz­
zle test requirement for altitude simulation at conditions other than 
minimum cell pressure. 
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1.0 INTRODUCTION 

Considerable knowledge has been gained at the Rocket Test Facility 
(RTF), Arnold Engineering Development Center (AEDC), Air Force 
Systems Command (AFSC), concerning the design of ejector systems 
without induced flow which use the energy of the exhaust gas to reduce 
the pressure in the test cell. The ejector research programs to data 
have included the effect of the following parameters on ejector-
diffuser performance using conventional convergent-divergent driving 
nozzles: 

1. Effect of nozzle area ratio and diffuser 
diameter (Ref. 1). 

2. Effect of conical inlets (Ref. 2). 
3. Effect of diffuser length (Ref. 3). 
4. Effect of Reynolds number (Ref. 4). 
5. Effect of second throat geometry (Ref. 5). 

Because it was not known whether the results of these investiga­
tions could be applied to ejector systems using annular nozzles, a 
study was initiated at RTF during the period April 1, 1961, to June 1, 
1962, to determine the effect on ejector performance of various annular 
nozzle configurations as well as to determine the influence of several 
ejector configurations on nozzle performance. Eight annular nozzles 
having various geometries including an expansion-deflection nozzle 
were tested to determine their effect on ejector starting and operating 
and on ejector pumping (minimum cell pressure) characteristics. The 
effects of diffuser length and of varying Reynolds number on these 
characteristics were also investigated. These results are compared 
with the ejector-diffuser performance obtained with the more conven­
tional convergent-divergent nozzles and indicate that existing methods 
may be used to estimate the ejector performance for annular nozzles. 

2.0 DISCUSSION OF EJECTOR·DIFFUSER PROBLEMS 

ASSOCIATED WITH ANNULAR NOZZLES 

The application of the annular type nozzle as a rocket propulsion 
element has been intensively investigated by several major rocket 
motor manufacturers because of the performance increase of certain 

Manuscript released for printing January 1963. 
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annular nozzle designs above that of a conventional convergent-divergent 
nozzle (herein called C-D nozzle) in the overexpanded condition 
(Pne < pd and because of its apparent advantage in size, weight, and 
thrust vectoring capabilities (Ref. 6). 

Simulated altitude testing of these annular-throated rocket noz­
zles present problems in the design of an ejector-diffuser system 
which have not been encountered during tests with C-D nozzles. 

2.1 TYPES OF ANNULAR NOZZLES 

An investigation of the method of supersonic expansion of the ex­
haust gases suggests that annular-throated nozzles may be divided 
into two maj or groups: 

1. The nozzles in which the expansion process is directly 
or indirectly regulated by the ambient pressure with a 
minimum amount of losses when compared to an ideal 
expansion. These "self-adjusting" type nozzl}es can be 
further divided into two categories 

a. The nozzles in which the exhaust jet adjusts to 
ambient pressure by altering the outer boundary 
of the jet, such as the spike nozzle (Fig. la). 

b. The nozzle which allows the exhaust jet to adjust 
to high ambient pressures by altering the size 
of the central subsonic core downstream of the 
nozzle plug, such as the expansion-deflection 
(herein called E-D) type nozzles (Fig. Ib). 

2. The nozzles in which the expansion of the exhaust gases 
to high ambient pressures is accomplished only by 
separation resulting in significant losses, such as the 
non-self adjusting shrouded-spike nozzle (Fig. lc). 

In this report a spike nozzle will refer to an annular nozzle 
whose centerbody converges to a point, and a plug nozzle will refer 
to an annular nozzle containing a blunt centerbody, with the exception 
of the E-D nozzle which will be referred to by name. 

2.2 EJECTOR.DIFFUSER DESIGN PROBLEMS 

Considerable information has been gained in previous investiga­
tions regarding ejector-diffuser performance using C-D type nozzles; 
however, it was not known whether this information was applicable 
for annular-type nozzles. A qualitative analysis was therefore made 

2 



AEDC·TDR·62·196 

of the ejector-diffuser problems associated with each type of annular 
nozzle. 

2.2.1 Nozzles with No Self.Adjustment 

In this type of nozzle (Fig. 1c) the exhaust gases are made to ex­
pand in a diverging annulus formed between the converging central 
spike and the diverging shroud. The ejector pumping characteristics 
for this type nozzle were expected to be similar to those for a C-D 
nozzle having the same area ratio, Ad/ A':<; however, the influence 
of the central spike on the ejector starting characteristics was 
unknown. 

2.2.2 Nozzles with External Self.Adjustment 

The exhaust gases from a spike nozzle with external self­
adjustment (Fig. 1a) are controlled by the ambient pressure in which 
the nozzle is operating and by the spike surface. The effective nozzle 
area ratio therefore varies because of the self-adjusting characteris­
tics of the nozzle exhaust gas with changes in ambient pressure. The 
effect of this varying nozzle boundary on ejector starting and pumping 
characteristics was unknown. This self-adjusting feature also poses 
an additional problem because of the test requirement for altitude simu­
lation at conditions other than minimum cell pressure. One method of 
increasing the cell pressure would be to operate the ejector unstarted';C 
by increasing the exhaust pressure. Thus, it is desirable to deter­
mine the relationship between exhaust pressure and cell pressure when 
the ejector is unstarted. As with the shrouded spike nozzle discussed 
in section 2. 2. 1, the influence of the nozzle spike on the ejector start­
ing characteristics was also unknown. 

2.2.3 Nozzles with Internal Self.Adjustment 

The ejector operation of nozzles having separation behind a cen­
tral plug, such as the E-D nozzle, can be divided into three distinct 
flow regimes (see Fig. 2): 

1. Ejector unstarted; plug wake open. 
2. Ejector unstarted; plug wake closed. 
3. Ejector started; plug wake closed. 

The first regime results when the static pressure of the exhaust 
gas is equal to ambient pressure and a core of subsonic gas exists in 

*See section 4.1. 
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the center of the nozzle. Simulated altitude testing at these conditions 
presents a problem in that a disturbance to the rocket exhaust flow 
field external to the rocket nozzle may feed back through the subsonic 
core into the nozzle and thus affect nozzle performance. 

As the ambient pressure is decreased, the high energy exhaust 
gases decrease the plug base pressure in the subsonic core causing 
the wake behind the nozzle plug to close. This results in the second 
regime with a constant and minimum plug base pressure. The closing 
action of the wake results in an increase in the effective nozzle area 
ratio such that the nozzle flow is overexpanded during the initial por­
tion of this regime. 

The third regime of operation occurs when the nozzle is under­
expanded such that the free jet expands downstream of the nozzle, 
resulting in the ejector becoming started. Ejector design for simu­
lated altitude testing at these conditions may be considered similar to 
the ejector design for a conventional underexpanded C-D nozzle in 
which the ej ector is started. 

3.0 EXPERIMENTAL STUDY 

3.1 EXPERIMENTAL APPARATUS 

Twenty-six ejector configurations (Table 1) were tested by com­
bining eight annular nozzle configurations (Table 2) with two straight 
cylindrical diffusers of various lengths and one second throat. The 
nozzles were concentrically located in the diffusers with the upstream 
end of the diffuser attached to a sealed plenum chamber. A typical 
test configur ation is shown in Fig. 3. 

3.1.1 Nozzle Design 

The annular supersonic nozzles that were tested included an· 
expansion deflection nozzle and a basic annular nozzle configuration 
which was designed such that various nozzle geometries and area 
ratios were possible by exchanging the four shroud and three nozzle 
centerbody combinations. Dimensional details of these nozzles are 
presented in Table 1, and the nozzle configurations are shown in 
Fig. 4. All of the nozzles were fabricated from brass and the mating 
surfaces of all the nozzle components were provided with "Oil-ring 
seals. Static pressure taps were located in a spiral arrangement 
along the nozzle wall and plug surface. 

4 
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3.1.2 Test Cell Description 

Most of the testing was accomplished with two cylindrical diffusers. 
One had an inside diameter of 10. 19 in. with length to diameter ratios 
of approximately (L/D)d = 9, 6, and 3, and the second diffuser had an 
inside diameter of 6.12 in. with its (L/D)d = 9. One section of the 
10. 19-in. -diam diffuser contained a flanged port for installation of 
either of two total pressure rakes. Figure 5 shows the pressure rake 
installations used. In addition to these two diffuser configurations, one 
test was made with the expansion-deflection nozzle in a 30-in. plenum 
chamber, and two tests were made in a 6-in. diffuser with a second 
throat [Ast/Ad = 0.654, est = 6°, (L/D)st = 0.431] located downstream 
of the expansion-deflection nozzle. 

The nozzles were mounted on a movable section of inlet supply 
pipe which permitted the nozzle to be translated approximately 9. 0 in. 
along the horizontal centerline of the cylindrical diffuser. The design 
of the O-ring seals in the telescoping sections permitted the nozzle to 
be positioned during a test without leakage into the cell. The position 
of the nozzle was indicated by a counter which registered the rotations 
of the actuating mechanism (see Fig. 3). 

The code designation for the various ejector configurations is in­
cluded in Table 1. A typical ejector configuration designation would' 
be Sl-P1-10, which indicates an annular nozzle having shroud number 
one, nozzle centerbody number one, and tested in a 10-in. diffuser. 
The designation E-D-10 indicates an expansion-deflection nozzle in a 
10-in. diffuser. Tests with the second throat diffuser are identified 
by the second throat area ratio, Ast/ Ad. 

3.1.3 Instrumentation 

The parameters measured during this investigation were: cell 
pressure, Pc; exhaust pressure, Pex; nozzle total pressure, Pt; 
rake pressures, Pr; total temperature, Tt; and static pressures along 
the nozzle wall, Pn' Table 3 contains the range of the measured 
parameters and the type of measuring instrument used for each. 

3.2 EXPERIMEl'ITAL PROCEDURE 

Prior to each test the nozzle, test cell, and instrumentation lines 
were pressure checked to minimize the possibility of leakage. A 
vacuum check was also made prior to eac;::h test to further reduce the 
possibility of instrumentation leakage. 

5 
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Inlet air was supplied from-the RTF compressors at pressure, 
Pt, as high as 46 psia and at temperatures approximately lOO°F. 
The ejectors exhausted into the RTF exhaust machines, which pro­
vided pressures as low as 7 mm Hg abs. An electrically operated 
throttling valve was used in the exhaust ducting to control the exhaust 
pressure, Pex, at the exit of the ejector. The inlet supply pressure 
was manually controlled by a gate-type valve. 

Prior to testing, the nozzle position counter was indexed to zero 
with the nozzle shroud lip set at station zero. During the test the 
maximum exhaust pressure, Pex, at which the ejector became started 
was obtained for each ejector configuration at a given nozzle position 
and total pressure, Pt> by decreasing the exhaust pressure until the 
cell pressure, Pc, reached a minimum value. The exhaust pressure 
was then increased until the ejector again became unstarted (where 
Pc started to increase) to determine the maximum operating exhaust 
pressure. This procedure was repeated at various levels of total 
pressure, Pt. 

During tests to determine the effect of diffuser length on ejector 
performance, the nozzle was positioned to obtain small variations in 
diffuser length. The movable nozzle system was also used to position 
the nozzle with respect to the second throat and the total pressure 
rakes. 

4.0 DISCUSSION OF EXPERIMENTAL RESULTS 

4.1 EJECTOR STARTING AND OPERATING CHARACTERISTICS 

An ejector-diffuser system is defined as started when the expanded 
free jet boundary of the nozzle attaches to the diffuser wall such that 
the cell pressure becomes a minimum value for a given nozzle total 
pressure and is not affected by reductions of the exhaust pressure. 
Figure 6 illustrates this fundamental ejector starting phenomenon. 
As the ratio, Pex/ Pt, was decreased the nozzle became started 
(minimum nozzle exit pressure) at point "a", and the ejector became 
started (minimum cell pressure) at point "b" which corresponds to 
the ejector starting pressure ratio, (Pex/ Pt)start. As the ratio, 
Pex/Pt. was increased after the ejector started, the reverse of the 
described phenomenon occurred, and the ejector became unstarted at 
point" c", which corresponds to the ejector operating pressure ratio, 
(Pex/ Pt)oper' If the diffuser length to diameter ratio is maintained 
above approximately (L/D)d = 9 (depending upon the nozzle geometry), 
an insignificant amount of hysteresis will exist, and thus point "b" will 
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coincide with "c" (see Ref. 3). Although the ejector starting character­
istics for ejector systems using annular nozzles were similar to those 
of the more conventional nozzles, the flow field downstream of the E-D 
nozzle was affected during the starting phase because of the closing of 
the subsonic core behind the nozzle plug. Figure 2 shows a typical 
variation in plug base pressure and cell pressure when an ejector sys­
tem using an E-D nozzle is started and unstarted. 

4.1.1 Effect of Diffuser Length 

The effect of diffuser length on the ejector starting and operating 
characteristics of the annular nozzles tested is shown in Fig. 7. For 
nozzle configurations S2-P1, S3-P1, and S4-P1 the ejector starting 
and operating pressure ratio decreased as (L/D)d was decreased; 
however, no significant hysteresis existed. For both the E-D nozzle 
and the Sl-P1 nozzle, the starting pressure ratios decreased greatly as 
(L/D)d was decreased, resulting in a significant amount of hysteresis. 
Unfortunately, these data contain three variables, including the amount 
of external self adjustment, nozzle exit angle, and nozzle exit diameter. 
Anyone of these variables could influence the amount of hysteresis. 
Figure 8a further shows the effect of this hysteresis on the ejector start­
ing characteristics for an annular nozzle configuration as the diffuser 
length was decreased from (L/D)d = 9 to (L/D)d = 6. A region of ejector 
instability accompanied this large hysteresis just prior to starting the 
ejector. However, it should be noted that this instability is not neces­
sarily related to the hysteresis. Figure 8b shows that instability also 
occurs for nozzle configurations which have no hysteresis at diffuser 
lengths below (L/D)d = 6. Similar ejector instability was reported in 
Ref. 1 for C-D nozzles operating with (L/D)d = 3. Because an annular 
nozzle ejector system may be operated in this unstarted region to simu­
late a lower altitude than that obtained when the ejector is started, the 
length of a cylindrical diffuser should be approximately (L/D)d = 9 to 
avoid this region of instability. 

4.1.2 Calculation of Ejector Starting Pressure Ratio 

For a compression shock system in a long duct, Shapiro (Ref. 7) 
states that one-dimensional normal shock relationship used with the 
duct inlet Mach number will predict the pressure rise across the shock 
system within six percent. Although Shapiro's results were obtained 
for uniform duct inlet flow, the experimental results for ejectors in 
which the inlet flow was not uniform still showed good agreement with 
one-dimensional normal shock relationships. 

For ejectors having no subsonic diffuser, it was assumed that the 
ejector system diffused to the exhaust conditions in a manner propor­
tional to the static-to-total pressure ratio across a normal shock for 

7 
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the isentropic inlet Mach number corresponding to Ad/ A>~. Reference 3 
shows that a correction to the one-dimensional normal shock pressure 
ratio for nozzle exit angle was required to determine the ejector start­
ing pressure ratio for C-D nozzles. Thus, a similar correction factor 
for annular nozzle-ejector systems operating without a subsonic dif­
fuser can be defined as 

K ( 1) 

where 

When this procedure is used, Fig. 9 shows that both the nozzle exit 
angle and the external nozzle spike appear to have a strong influence 
on the correction factor. 

Although no theory or new empirical relationship is presented to 
predict the ejector starting pressure ratio accurately for annular noz­
zles, the assumption of a correction to the normal shock pressure 
ratio of K = 0.90 for (L/D)d 2 9 would give a maximum error of 
±8 percent in the starting pressure ratio for the configurations tested. 
Figure 10 further shows a comparison with C-D nozzle data for the 
correction constant required to calculate the ejector starting and operat­
ing pressure ratio for the various annular nozzle ejector configurations 
tested as a function of (L/D)d' 

4.2 EJECTOR PUMPING CHARACTERISTICS 

4.2.1 Reynolds Number Effect on Cell Pressure 

The definition of a started ejector system states that for a given 
nozzle total pressure the cell pressure ratio is a minimum and is not 
influenced by changes in exhaust pressure. However, the ratio of cell 
pressure to nozzle total pressure can vary with nozzle total pressure 
because of the Reynolds number effect reported in Ref. 4. Figure 11 
shows the variation of minimum cell pressure ratio with Reynolds 
number for the various annular nozzles tested. 

4.2.2 Diffuser Length Effect on Cell Pressure 

Figure 11 also shows that the cell pressure was influenced by 
diffuser length. A similar effect on cell pressure was noted for C-D 
nozzles in Ref. 3. 

8 
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The variation of cell pressure with diffuser length is not fully under­
stood, and no explanation can be offered at the present time to sub­
stantiate the data. 

4.2.3 Minimum Cell Pressure Calculation 

The minimum cell pressure ratio was calculated for each ejector 
configuration tested using the empirical correction factor developed for 
18-deg conical nozzles in Ref. 4. This correction assumes that the 
gas expands isentropically to a fictitious duct area which may be calcu­
lated by multiplying the actual duct area by K' Eq. (2). 

K' 
1 -

-5 
_1_ e - R n e (D· / D n e) 10 

2 

-6 
- R n e (D * / D n e) 10 e 

(2) 

Equation (3) is the isentropic relation between the pressure ratio 
and the fictitious area ratio. 

Y + f / 1 I . y-1 

K' (~:)= (Y~l)(Y~l)Y-/ (~:fY \/1 - (;:) Y (3) 

Because of the difficulty in determining the pressure ratio from 
Equation (3), it is suggested that the fictitious area ratio and compres­
sible flow tables be used. 

The comparison of the calculated cell pressure ratio with the ex­
perimental values (Fig. 12) shows that an additional correction for the 
nozzle exit angle, similar to that required for C-D nozzles, is 
necessary. 

4.2.4 Cell Pressure Calculation for Unstarted Ejector 

The annual nozzle test requirement for altitude simulation at con­
ditions other than minimum cell pressure makes it very desirable to 
determine the relationship between diffuser exhaust pressure and cell 
pressure when the ejector is unstarted. For diffuser lengths of approxi­
mately nine diffuser diameters [(L/D)d '" 9], the exhaust pressure ratio 
for a given cell pressure ratio may be estimated by applying the con­
servation of mass, momentum, and energy between stations one and 
two. 

9 
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Stations 1 2 

-1- 1 alLI pc ..... __ -I -------1 
p ~A* 
~IA. I 
~IJ I 

m;-;ZaP'-____ ~ i 
( 7---------

LlFree Jet Boundary 

To simplify the solution of the conservation equations the following 
assumptions are made: 

1. Flow is steady. 
2. Gas is perfect. 
3. Flow is adiabatic. 
4. Flow is one dimensional within the expanding free jet 

at stations one and two. 
5. Static pressure at station one is constant and equal to 

cell pressure. (Note: The desired cell pressure must 
be greater than the minimum cell pressure. ) 

6. Flow is isentropic from nozzle to station one. 
7. Diffuser wall friction is negligible. 
8. Flow at station two fills the diffuse.r. 
9. Static pressure at station two equals 

exhaust pressure. 
10. Velocity in cell region at station one is zero. 

Based on the above assumptions the total force at stations one and 
two may be written and equated. 

(4) 

or 

(5) 

and also 

(6) 

Equating Eqs. (5) and (6), 

Pc (Ad + AjyM/) PexAd (l + yM22) (7) 
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From continuity the mass flow at stations one and two may be 
written: 

and 

Equating Eqs. (8) and (9), 

(8) 

( 9) 

(10) 

From the conservation of energy and the preceding assumptions, 
it may be stated that 

and 

T' 1 

Y 1 
1 + -2- M/ 

Combining Eqs. (7), (10), (11), and (12) 

1 + yM/ 

where 

_2 [(~)Y;l _ 1J 
y - 1 Pc 

and 

r----- y+l 

A. = A* (h)-+-JI (4) (f+d y-l 
1 Pt l::'.=-!_ 

1 - (:tC
) y 

( 11) 

(12) 

( 13) 

(14) 

( 15) 

When Eqs. (13), (14), and (15) are used, the Mach number at 
station two may be determined as a function of cell pressure with all 
other quantities being known. For this case the subsonic solution for 
M2 using Eq. (13) is the solution of interest since, from Eq. (7), it 
allows the maximum diffuser exhaust pressure. Figure 13 presents a 

11 



AEDC·TDR·62·196 

graphical solution for the positive subsonic Mach number at station two 
from Eq. (13) for various values of gamma. With the Mach number at 
station two thus obtained, the exhaust pressure required for the assumed 
cell pressure may be calculated from either Eq. (7) or (9). Obviously, 
the assumed cell pressure must be greater than the minimum cell pres­
sure obtainable by the ejector system (see section 4. 2.3). 

In Figs. 14a and b, the experimental ejector pumping characteris­
tics for several annular nozzle configurations are compared with the 
theoretical starting curve obtained from this simplified flow model. It 
should be noted that the rate of change of cell pressure with respect to 
exhaust pressure is quite high when the ejector system nears the start­
ing conditions. This results in a large deviation in cell pressure for a 
small error or variation in exhaust pressure. For this reason the 
above methods should be considered to be only a first approximation. 
The regulation of cell pressure with exhaust pressure for an unstarted 
ejector system is not necessarily the best technique for controlling cell 
pressure due to this high rate of change in cell pressure with exhaust 
pressure during certain regions. 

4.3 EFFECT OF EJECTOR·DIFFUSER 01-1 E·D I-IOZZLE PERFORMAI-ICE 

4.3.1 Effect of Diffuser Diameter 

The expansion-deflection nozzle (Ref. 6) was tested in a large 
plenum chamber (Config. E-D-30) with an inside diameter 7.15 times 
that of the nozzle exit diameter. This test was conducted to determine 
the relation between cell pressure and nozzle wall static pressures 
when the latter were unaffected by the presence of an ejector diffuser. 
The E-D nozzle was then tested in two diffusers having inside diameters 
1. 46 and 2.84 times that of the nozzle exit diameter. (Configs. E-D-6 
and E-D-10). These diffusers were sufficiently small to allow the 
ejector to operate in the started mode (Regime 3 - ejector started; 
plug wake closed). The influence of these diffuser configurations on 
nozzle wall pressure is shown in Fig. 15. The pressures at four 
axial stations are shown where each point represents an average of 
two pressures at the same axial station 180-deg apart in the nozzle. 
In this regime as well as in Regime 2 (ejector unstarted, plug wake 
closed), it may be seen from these data that the nozzle wall static 
pressures are independent of cell pressure. Under these conditions the 
size of the diffuser has no effect on nozzle performance. As the cell 
pressure was increased, the wake behind the nozzle plug opened 
(Regime 1), and the nozzle wall pressures also increased. Figure 15 
shows the pressure at the two nozzle wall stations nearest the nozzle· 
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exit to be slightly higher for configurations E-D-6 and E-D-10. As the 
cell pressure was increased further j the nozzle wall static pressure 
nearest the nozzle exit of configuration E-D-6 was higher than that 
of configuration E-D-10. This indicates that as the diffuser diameter 
approaches the nozzle exit diameter, an increased effect on nozzle 
performance exists when the system is operating in Regime 1. This 
effect on nozzle wall pressures is attributed to the influence of the 
diffuser on the closing mechanism of the central subsonic core, 
which is located downstream of the nozzle, and allows the higher 
downstream pressures to be fed through the subsonic core and influ­
ence nozzle performance. 

4.3.2 r:ffect of Second Throat on 1.:·11 Nozzle 

Ejector configuration E-D-6 was tested with a second throat 
(Ast/ Ad = 0.654) located at two positions. Figure 16 shows that 
when a second throat was located close to the E-D nozzle (at 1.11 noz­
zle diameters) the relationship between cell pressure and nozzle wall 
static pressure in regime 1 was drastically altered. This influence on 
the nozzle pressures would make any measurement of performance in­
valid. When the second throat was moved downstream (at 3.57 nozzle 
diameters), the second throat had no effect upon the nozzle wall static 
pressures. The Mach number along the centerline of the E-D nozzle 
jet was calculated from measured total and static pressures when 
the nozzle was operated in a 10-inch diffuser at a total pressure of 
40 psia and is presented in Fig. 17. This figure shows that the sub­
sonic core extends approximately 1. 5 nozzle diameters downstream 
of the nozzle exit when the ejector is operated in regime 1 (ejector 
unstarted, plug wake open). When the second throat is positioned up­
stream of the closing point of this subsonic core (1. 11 nozzle diam­
eters), the disturbance to the flow is fed upstream and affects nozzle 
performance. 

5.0 CONCLUSIONS 

As a result of the investigation to determine the performance of 
ejector-diffuser systems using an annular driving nozzle, the follow­
ing conclusions may be reached: 

1. The ejector starting pressure ratio for (L/D)d .::: 9 
can be estimated within ±8 percent for the configura­
tions tested by applying an empirical correction of 
K = 0.90 to the normal shock pressure ratio. The 
diffuser inlet conditions are assumed to be an isen­
tropic function of the ratio of diffuser area to nozzle 
throat area. 
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2. The pressure ratio required for starting the ejector 
decreases as the diffuser length to diameter ratio 
decreases below approximately (L/D)d = 9. Below 
this diffuser length, a region of instability some­
times occurs when the ejector is unstarted. 

3. The minimum cell pressure can be approximated by 
using an empirical equation, which has been used by 
investigators to determine the ejector pumping char­
acteristics for convergent-divergent nozzles, and by 
applying a correction for nozzle exit angle. 

4. The relationship between the cell pressure and exhaust 
pressure for an unstarted ejector can be estimated 
using one-dimensional conservation equations. 

5. When the central subsonic core behind the plug extends 
downstream of the exit of the E-D nozzle, the diffuser 
diameter should be made as large as possible in com­
parison to the nozzle exit diameter to minimize any 
influence of the diffuser on nozzle performance. 

6. It was necessary to locate the inlet to the second throat 
downstream of the closing point of the E-D nozzle sub­
sonic core when the ejector is unstarted to eliminate 
the influence of the second throat on nozzle perform­
ance. The closing point of the subsonic core was 
found to be approximately 1. 5 nozzle diameters down­
stream of the nozzle exit when the nozzle was operated 
in a 10-in. diffuser at a total pressure of 40 psia. 
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TABLE 1 

DESCRIPTION Of EJECTOR-DiffUSER TEST CONfiGURATIONS 

Ejector Diffuser Nozzle Configuration ene (Dne)eff :j: 

Designation Diam., Dd Ad/ A * (L/D)d Shroud Centerbody deg in. 

Sl-P1-10 10.19 153.5 3.0,6.0,9.0 1 1 11. 3 4.160 

S2-P1-10 If 2 1 18.5 3.546 

S3-P1-10 If 3 1 34.6 2. 135 

S4-P1-10 144.1 ,3.0,6.0,9.0 4 1 -27.0 .896 

Sl-P2-10 153.5 9.0 1 2 11. 3 4. 160 

S2-P2-10 " " 2 2 18.5 3.614 

Sl-P3-10 If " 1 3 11. 3 4. 160 

E-D-10 10.19 118.2 3.0,6.0,9.0 - - 8 4. 196 

E-D-30 29.25 Diam x 53.0 Long Plenum Chamber (Ejector did not start.) 

Sl-Pl-6 6. 12 55.4 9.0 1 1 11. 3 4. 160 

S2-Pl-6 If 2 1 18.5 3.546 

S3-Pl-6 If 3 1 34.6 2. 135 

S4-Pl-6 52.0 4 1 -27.0 .896 

E-D-6 + 6. 12 42.6 9.0 8 4. 196 - -
-

:j: (Dne)eff = (Ds2 - Dpe2) 1/2 

+ Configuration used during second throat tests (Ast/ A£ = 0.654, est = 6°, (L/D)st = 0.431) 

(D*)eff 
in. 

.822 

If 

If 

.849 

.822 

If 

If 

.937 

.822 

If 

If 

.849 

.937 
-

Ane / A'~ 

25.6 

18.6 

6.8 

1.1 

25.6 

19.3 

25.6 

20.0 

I 
I 
, 

25.6 
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6.8 

1.1 

20.0 
----

> 
m 
o 
() . 
-f 
o 
;;0 . 
0-

~ 
-.0 
0-



...... 
00 

Nozzle Config. A~ ene 
Shroud Centerbody A*eff deg 

1 1 25.6 11. 3 

2 1 18.6 18.5 

3 1 6.8 34.6 

4 1 1.1 -27 

1 2 25.6 11. 3 

2 2 19.3 18.5 

1 3 25.6 11. 3 

E-D 
(Expansion- 20.0 8 
_I)efl~~tionL 

TABLE 2 

DESCRIPTION OF ANNULAR NOZZLES 

ep D*eff :j: Ds Dpe 
deg 

17.5 0.822 4.160 0 

" " 3.614 0.698 

" " 2.597 1. 48 

" 0.849 1. 849 1. 619 

30.0 0.822 4. 160 0 

" " 3.614 0 

- " 4.610 0 

- 0.937 4.196 0 

Dp* Xp 

1. 698 2.681 

" " 

" " 

1. 619 2.491 

1. 698 1. 600 

" " 

" 0.39 

1.643 -

:j:The effective throat diaIneter was deterInined by Ineasuring the Inass flow through the nozzle 
with a calibrated venturi. 

See Fig. 4 for diInensional details. 

~/Xp I 

0 

0.403 

0.854 

1.0 

-0.675 

0 

-5.88 

-11. 35 

e* 

30 

30 

30 
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Parameter 
Measured 

Pc 

Pex 

Pt 

Pn or Pr 

Tt 

TABLE 3 

DESCRIPTION OF MEASURING INSTRUMENTS 

Range Measuring 
Measured Instrument 

0.2 to 5mm Hg abs McLeod 
(with nitrogen cold trap) 

5 to 50mm Hg abs diaphragm - activated 
dial gage 

7 to 50mm Hg abs diaphragm -activated 
dial gage 

1 to 10 psia diaphragm -activated 
dial gage 

1 to 46 psia diaphragm-activated 
dial gage 

O. 1 to 90 in. Hg abs manometer (mercury) 

O. 1 to 90 in. Oil manometer (silicone oil-
sp. gr. = 1. 092 at 80°F) 

70 to 100°F copper-constantan 
thermocouple 

'--------~-.. ----- ~ - L. ~ -

» 
m 
CJ 
() . 
-I 
CJ 
;;0 . 
0-

~ 

'" 0-
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Shroud] Spike] 

Shroud 1 Plug 3 

S 11 routi] Spike 2 

Shroud 2 Spike] 

Ds 

j Note: Nomen­
clature Typical 

,~I=------'--------'- all Nozzles. See 
Table 2 for 
Dimensions. 

Shroud 4 Spike 1 

Shroud 2 Spike 2 

Shroud 3 Spike 1 

Expansion - Deflection 

Fig.4 Annual Nozzle Configurations Tested 
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Rake No. 1 

~-O.13 in. 
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Fig. 5 Typical Total Pressure Rake Installation 
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Fig.6 Typical Ejector Starting Phenomenon for Constant Nozzle Total Pressure 

26 



Pex 

Pt 

AEDC·TDR·62·196 

O. 020 ",.---,--,---r----,---,---,---..-----.--_-...__--.--__ ___. 

O. 015 1----11---+--+--+----I--+---+--+------I----1---I--+__---1 

!--tIIIfIIII" .... 
0.010 1---1----+--t---+--.J...-."",,7," ........ ~--+---+--+--+--l-----1 

./ A 

O. OOB r==:F==t=-=-~t~~/-/~~~a~~;~~~~,e:~, ~ .... ~~~,A ..... ~t==i==t=~ 
~¥f~'"=-""'i~=~--}!--'''' " O. 006 1----1'----+-·t)L..--l:tt>~ -I :.......j-_.....L...._...L...-_I....---L __ . 8 D 

I / A lA'" Pt' ne' ne' 
0.005 1I------l---+--+-'11- // -~ Con fig . d ~ ~ ~ 

,1- /. 0 SI-PI-lO 153.5 45 11.3 4.160 
O. 004 II---+--+--~ 1",,/ 0 S2- PI-lO 153.5 45 18.5 3. 614 

"",, !::. S3- PI-I0 153.5 45 34.6 2.597 
0.003 ... <> S4-PI-I0 144.1 45 -27.0 1.849 

<> E-D-lO 118.2 40 8.0 4.196 
Closed Symbol and Dashed Lines - Start 

O. 002 1lillllll1IIIIIIIIIIIi-..1IIIIIIIiII_IIIIiIIIIIIIIIIIIIO.pellllllllnIllllllllllllliSy.mllllllllbllllllllolllllllllallllllllnlllllllldIlllllllSllllllllolllllllll illlllllld IIIIIIIILlllllllli nllllllllelllllllls 1IIIIIII-IIIIIIIIIIIIOP.ellllllllralllllllltlllllllle ___ _ 
o 1 2 3 4 5 6 

LID 
7 8 9 10 11 
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for Various Annular Nozzles 
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